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With sSo many significant advance=s in
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Mlany scientists and researchers think

ma.ior project after the space station

shontld be

the

returning to the moon to set up a permanent cutpost.

Many reasons are listed.

The main thrust of

the

arguament for returning to the moon is its potential

being a space terminsl. In cther words,
on the moon, most notablyuy oxugens
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oY probing deeper into space. Mars is
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ensrgy potential gf the moon’s oxycen.
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astronaute can live and work.

Many materizsl
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quarters on the moon it will be necessary to li
materials stacked on pallets. The pallets will
be moved short distances and possibly raised as
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vehicle with some tupe of fork lifting sustem i
onn the moon. it is proposed to design a vehicl

the task of lifting pallets on the moon.

Several goals that must be achiew

d. The

concern on the moon is the safety cof the human

-

For this reason, 188 ¥ reliability is ocur firs

The movement of the fork must be =smoocth

The entire vehicle must be =table at a

in operation by a means other than the

and pre

1 times.

friction
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workers.

lcad must be restricted from moving while the vehicle is

force on

the forks. The controls must be simple to cperate

without requiring the astronaut +o make comple:

movements. Access to the control area must ke

accomodate the oxugen backpacik worn by

11 of these ohbijectives must be met to

Qthey objiectives that must be met
oparating characteristics of the wvahic
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he last goal is to

iightweight as possible.

the moon. eight is pe

in the shipping of the
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material.
The 2xtremely high

from Earth to the moon
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The second major constraint is +
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time that the wvehicle must bhe
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ing withou maintinance or
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ieas 2ight hours.

make the vehicle as compact and
This wvehicle must bhe taken o

rhaps the most important concern

vehicle to the moon. The typic=l

moon is $15,8080 per pound the

cost of transpovrting the vehicle
i=s= a major design constraint.

minimize the mass of the

ransporiation is so greast that
de and techniques, that would not
e on Esrth,. may bse used to reducs
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e 2nvironment on
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the severe thermal gsradients and heating
effects. Irradiation must not affect structural



materials. Cocling for ang heat sources must he
provided. The vehicle is useless if it cannct perform
safely snd usefully under the envivronment of the Moo .-
concern is testing of he design to

establish confidence in its working safely. To evaliluate

vehicle performance we can construct a test hed to

duplicate the scil conditions on the moon as closely as
Ppossiblie. The resistance of the structural materials to

environmental conditions can be evaluated throusgh
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nd thermal testing performed on Earth or on
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e shuttlie. Assembly procedures should be evaluated +o
determine whether an astronaut in a space suit can maie
the reguired movements. All of these methods should be
emplogyed to determine with no uncertaintuy the
reliability, effectiveness and safety of the propossd

iifting and transport vehicle.
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THE LUNAR ENVIRONMERNT

f—

The environment of the Moon is vastly diffesrent

from that of

he Earth. Most of these differences =tem

from the smaller mass of the Fioones that is unable +t

0

generate enough gravity to retain a detectable

atmosphere. The lack of atmosphere complicates the

n.

design of any lunar vehicle.

The resulting vacuum would evacuste any fFluid l=aik.
Additional fluid must come from Earth since fluids
evaporate almost instantly on the Moon. The rapid

evaporation of fluids complicates the use of hudrauslics.
The thin film of hudraulic fiuid which lubricates the

seals on Earth would be lost orn the pistons out stroke.

R

ccling becomes a major problem on the Moon. Since
the lack of atmosphere makes convective cocoling
impossible.

The Moon has no atmosphere to reflect or absorb
radiation coming from space and the sun. A= a result,
the surface temperature of the Moon ranges from Z48 F to
=248 F. Heat and radiation are not only originated from

spaces but are also reflected and emitted from the

[a

uns

-s

surface.

Lunar dust which covers the surface of the Moon has
peculisr cohesive properties. 4 thin film of dust iz
settles on almost everuthing it comes in contact with.
The lunar dust acts as an abrasive to surfaces i+




contacts. Thick laygyers of dust on the Moon =u
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traction difficult. Dust is easily hurled wE by

SEinning
wheels., Thus. the design of any lunayr vehicle =s=hould
incorporate fenders. In addition, vehicles can easilyg

create rutts while turning in the locse s=cil.

The lack of gravity reduces the weight of any

ballast needed. Macss weights only one sixth on the Moon
as is does on Earth. Momentum, however. remains the
Same. Momentum could easily tip over a vehicle while

turning and makes stopping especially difficult.
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THE LUNAR ROVER

The most ambitious program to develop lunar

transportation was the d
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the LRV provided astronauts with a means of exploring a
largeyr s=ection of the moon’s surfarce. In designing the

lunar forklift, many of the same design considerations

for the LRY were examined. For this reassons the
following section iz devoted to describing the LRV and

its systems.

The lunar roving vehicle was built by the Poeing

Company Aderospace Group. General Motors Delco
Electronics Division was the maljor subcontractor.

Simplicity of the design and cperation and the lightest
possible weight were the most important design
considerations. The LRV is 122" long and 75" wide. It
sit=s on a wheel base of AU, Figuwre 1 shows the LBV S
enveloping dimensioncs. The total weight of the LRBY with

a crew of two astronauts and their l1ife support sustems

and scientific equipment is 155852 pounds.

Each wheel is powered by a direct—current brush

tric motor. which operates at a2 nominal input

- - .
voltage of =3 volts. Each motor is connected toc the

P 3 [ 3 - — & — .
wihiesels thyrougch an B@B:l havrmonic gcear reducer. FPoweyr far

. i . !
the motors is suppied by tws silver—zinc primary
non—rechargasble atteries. The whesels are msde of =
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cinc—coated pianoc wivre mesh woven on an Siuminum sSspin
cast hiub. Chevron shaped treads made of titanium are
riveted to the mesh to enhance traction. The design

Ly

milar driv sustem with the exceptions
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ackerman system on both the front and back whesls.

ither sustem can be mechanically disconnected should a

—

failure accur. Conty

1 of the stesring can be

A

sccomplished =zither manually or electronically with the
use of small servo—-motors. The lunar forklift will alsn

use an ackerman type steering arrangement with =imilar

The chassis of the rover is constructed from

sluminum alloy Z219 tubing welded at the structural
Joints, A pair of triangular sSsuspension arms connect
the chassis to each wheel. Loads are transmitted
through the arms to the chassis by torsion bars.

Several features allow the rover o be folded into a

compact package for transport. Vertical oscillations of
the chassis are attenusted by a velocitu—sguare damper
connected between the chassis and each upper sSuspension
SV M.

The crew station sguipment includes the seats.
footrests, inbosrd handhbolds, armrests. Floor panasls.
seat belts.y fenders and toeholds.



However. there was no noticeabl

The performance of the yehicle was excellent.. The
lunar terrain conditieons in general were very similar o
the expected conditions which the forklift will
encounter. Accelieration was normaslly smooth with onlu

very little & ocoocuring under full throttle.
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Traction of the wheels was excellent uphill, downhill

and during acceleration. Praking was positive

m

woept at

speeds in excess of S kmdlAhv (32 mphl, but was leso
effective at higher speeds and when the vehicle was in 3
turn. Lateral shkidding occcurred during any hardover or

maximum rate turn made at velocities greater than S
bmshr. Since the forklift will never be reqguired to
make sharg turns at speeds above 5 Emshr & similar drive

tem can be used.
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Vehicle tracks were prominent on the surface and

3

veryg little variation in depth was observed when the
besring weight on alil four wheels was agqual. Deeper

tracks. on the order of one to two inches in depth were

e ol

observed as the vehicle negotiated = eep slopes.
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effect on t
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e steering

or control on the vehicle caused by driving on

N

previousiy depositied tracks. This is good news because

the forklift will operate in a limited aresea and will

therefore encounter its own tracks quite often.

The lunar roving vehicle design proved t+oc he quite
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FORK LIFTING SYSTEM

Hinematic

0

he effects of gravity on the moon make it
necessary to place several restrictions on the 1ift
mechanism of the lunar forklift. Firsty, and foremost is
the distance to which the forks may extend forward of

the front wheels. the lack of balast due to the reduced

5
L

Jod o

ler

ald

i
b]]

on of gravity has made it necessary to place
outriggers at the leading edge of the wheels énd limit
lifting toc a vertical plane tangent to the front wheels.
The cutriggers together with "same plane®” 1ift will
allow maximum lift capacity with minimum balast. Also,
this outrigger location will not hinder manipulation of
the load upon initial approach. or upon placing the load
on a scaffold or rack. In order to safeguard the
forklift from over—extending and toppling forward. the
position of the carriage must be monitored
electronically. A simple monitoring sustem would
coordcinate the maximum boom extension with each degree

of swing.

A second restriction on the lift mechanism involves

the location of the load during transport. In order to
distribute the load over all four wheels it must be
placed as far back as possible. Contracting the boom to
=ix feet and locating it’s axis of rotation two fest

of the rear whesls and five and & half feet

o

forwar



above the chassis places the load’s center of grawvi

ty

close to the front axles without raising the machine’s

center of gravity considerably {(see fig. iLiM—-17:.

Placement of the batteries and heat sink reservior
behind the rear axles evens the weight distribution
much as necessary. Unloaded, the front wheelzsz have
minimum traction without leaving the ground. When

transporting, stability againcst inertia effects can

o

“h

the

Jod
D]
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maintain

1)

cad is placed temporarile on the

chassis and speeds are kept to a minimum over rough
terrain. Stability of the load during the lifting

operatio

)
[ )
n

reasonable due to the slow flow rate o

rt

hudraulic pume. With a minimum tract width of six

half fTeet lateral stabilitu is safe up +to maximum

.

extention and a lateral incline of 18 degrees.
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£ the

and a
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HYDRAUL ICS

Mechanical power must be generated o produce
movement of the lifting mechanism. To provide this
Power,y 2lectrical energy from the batteriecs must be
converted toc mechanical energy through the use of
electric motors cof scome sort.

—
H

The configuration of the lifting system indicates

rt

hat yrotati

]
0

n and extension are required. The lifting

forces must be applied smocthly to eliminate inertia

which would tend to throw the load off the

“h

effect

n

forks. The motion of the boom must be accurately

contreolled so that lpoads can be picked up and put down

~f

smoothiu and accurately.
Several ideas were considered for producing these

motions, all of which use an electric motor as the

dr

Iode

ving force. The motor provides rotational POwer .,
which can then be converted mechanically through gears,
pulleys, or hudraulics to provide the forces neseded for
oreration of the l1lift.

Two cable and pulley sustems were considered. One

sustem used the motor to wind or unwing the cable arcund

toc carry the force to the location wheres i

e
[}
n
=
m
m
L
m
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cable provides & force in the opposite directon. While
lifting, the opposing cable is kept tight to keep the
boom in a steady motion. The movement of the two cables
must be synchronized to keep from having any slack in

the opposing cable. It

oo
i

difficult to keep the two
cables coordinated because the speeds of the cables are

not =2gual or constant as the boom rotates upward.

The second system used a continucus loop of cable
powersed by a motorized capstan. This required a large
diameter capstan in order to produce enough friction on
the cable to keep it from slipping. Also, 1t is

difficult to eliminate the slack in the cable.

The extension action necessary is virtually
impossible to create using cables and pulleys.

Gears could be used to provide both rotational and
linear motion. Howewver, due tco the large amount of
torque necessarg to rotate the boom under load., either a
very large motor or very complicated reduction gaaring
is needesd. A very large motor is impractical because of
welght and size. The gearing system would have to be
very precisely made to avoid exscessive backlash which
leads to very imprecise motions. A complicated
reduction gear train will alsc decrease the vreliability

of the ustem.

i

n

A rack and rinion tupe or pouwer crew arrancement

rt
fod
0

Can provide the mo ns reguired. However., these

requires large amounts of space since the scocrew or rack
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slways remsains the same size, whether in the "raised" or

"lowered" position. Alsc, to avoid the build—up of the

abrasive lunar dust. which would substantionally
decrease the life of the system. the entire unit must be

ct

i

enclosed in a8 v

n

Ve Ccovering. The covering wowuld

have allcw the movement of the nut or pinion along the

length of the screw or rack m=abking ts design £+

cult.

s

<
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Hudraulic cylinders are the best choice for for
appiications of this tgpe. A4 hyudraulic system reguires
the use of Just one motor to power all of the motions
nesded. Huydraulic pumps have a high power to weight
ratico and, when used with culinders, power conversion
efficiencies of up to 98% can be achieved with good
design. Hydraulic cylinders are easily controlled and

can be coordinated to produce precise movements.

.

c problem with using hudraulics is the

Jeds

he bas
evaporation of the fluid from the piston rod surface.
When the rod is extended, a thin film of fluid vremains
on the rod. In the zerc pressure snvironment of the
moonsy this thin film evaporates immediately. When the
culinder is then closed, the dry rod will destrogy the

seals in a short time. To prevent this a bellows tupe

et

aof covering is usesd o enclose the culinder. The cover,

sealed at both ends, can be lightly pressurized
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fode
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inert gas to voigd evaporation. The covering will
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nder from abrasive action caused
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accumuliation f lunar dust. The hudraulic F1lua
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needs to be kept at an acceptable temperature range. In

ordey to be able to cool the fluid, a heat

exchanger must be part of the apparatus.

The first step in designing the sustem is to

calculate the forces

needed to l1ift the variocus locads

and the length of extension reguired. These can bhe

found from the kinematic diagrams of the lifting sucstem.
Next a8 sustem pressure must be chosen. The sustem
pressures of most earthbound vehicles range from 18882 to
52288 pounds per square inch. The higher system
Ppressures allow the use of smaller cylinders, which

reduces

the overall

weight of

the wvehicle.

However .

higher pressures also require larger and more powerful

pumps to maintain the system. The larger pumps will also

require larger batteries, which will also add weight.

Upon balancing these factors, a sustem prescure of 20008

pounds per square inch was chosen.

After the system pressure is known, the diameter of
the internal bore of a cylinder required toc apply =
given fTorcecan be found by using the basic huydrostatic

eguation. Using this inside diameter, the sy=stem
pressure, and the yueild strencth of the material, the
minimum wall thickness can be determined using Lame’s

Formulas.
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force being exerted and the extended length of the rod.
The rods are classiftied as thin columns subject +o
buckling. Euler’= eguation was found to hold for the
sizes of the rods used in the design. The minimum rod
diametsr required o prevent buckling was then found.
The sizes of the culinders were calculated for
several materials using a computer pPrografi. The
respective weights of each was determined to find the

Aluminum wa
application

in order to acheive motion of t

flow rate of 1S58 cu in/min is needed

build wup in the lines due to frictio

limit on flow velocity is 5 ft/sec.

need not

be cooled and

the pump does

= chosen a= the Rest
he desired speed, &

- To avoid heat

N, the accepted

the pilpes

This wau,

not need to be

ovesized to overcome the flow friction. From this we

find the necessary inside bore of the pipe to be 8.23

The thickness can then be found using the

Parlow formula for the walil tubing. Again, aluminum was

chosen as the material leading to a

thickness of 8.1 inchecs. Howewver,

is made toc be 8.1 inches to

envirnmental hazards.

To smize the hudraulic pumes the
reavired was determined using the €1
the Tiuid, and the head. The head w
the system pressure and the densituo

minimum wall
the wall thickness

the lines from

horsepower output
ow rate, density of
as determined using



head

is Q.77

minimiumn

The K

require

was found to be
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efficiencu



Facs =
MATERIALS
Aluminum 4832-TS wrought alloy was chosen for the
. , . -
11ftft mechanism structural members because of it’s high

resistance. and light—weight. Al=o to aid in reflectiocn
of radiation it can be polished to a hEigh Iluster. Gthiar

materials considered were magnesium and titasnium &

ot
Jeed
)
I
)

-~

and a graphite epoxyg. The magnesium allous were the
lightest but have the lowest yields strengths. Titanium

a2llous are strong but heavu., and the grarphite spoxy
goesn  t work well with torsioconal loads. Overall. the

urought aluminum alloys prove to be the becst.

]

n the past. almeost 2311 space vehiclss were

2z

constructed from metaliic materialis.

-

oday

—
—4

technology has introduced fiber—reinforced composite
materials which have a highery sSspecific =tvrength, higher
specific stiffness, and higher fatigue recistance.

These new materiasls will probably be used to by ld
nearly all structures in the future that require low
weight, directional material properties, or high

thi=s design. Due to the limited time scheduile. the
- — vy — — = = i Frrrmmem— a1 =
detailed analuysis of laminated omposite structurss was
—d e PR Thirm 4 —- - N R £ s ey g e =
TilF T HE === AR I I i S TIEesS anaidsilis 4y IisesCTY Sy O
o

. 3 = 3 o —_ prs — —— 3 a— - — -} =

materials i1is much simpler than orthrotropic materislis,
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Therefore, the design used 4832-T4 aluminum allioy. The
concerpt of a lunar forklift was developed. but not
finaliz-ced.

Since the epoxxy matriy begins to suffer serious
degradation of phusical and mechanical properties when
it the presence of radistion. Ths= fiber—reinforced

s}
]
4
h
a

CoOmPpC=3

n

eriai most likely to be used for space
vehicles is & graphite—-poiumide. The graphite Tibers

are exitremely strong., stiff, lightweight, and suited fo

T
.-

iigh temperature applications. The polumide resins
Provide good protection of the fibers, are radistion

resisitant and have a useful temperature of 788 degrees

Farhenheit. This material would be ideally suitec for
couter space. It is only & projijected material +o be

used; in the uyears to comes. betteyr materials will be

ot

developed to replace the ones presently ussd.

& computer program was written o aide in =iz ing
laminated composite structures. Computer progsrams ar
8 necessaity due o he large amcount mathematical

ocPperations required in analur-ing & composite member.
Again., due only to the time factor, this Program was nio

utilized in the current design.

i

]



—

Page =2

The chassis for the lunar forklift consist of a

n

rectangular frame using 1" x 4" x 25" hox beam. The
two axles extend from the frame by one foot on esach side
to aliocw for wheel clearance when turning. A& 1.5
diameter thin—walled section of tubing extends from each
halif axle to the frame at a 4% degres angle. At the

front of the wvehicle are two ocutriggers which prevent

s

tipping over. They attach to the frame and extend out
even with the front wheels. To support the load of the
hydraulic lifting device, a 5" x 4" x @.25" box beam is
mounted across the width of the frame. Toward the rear
of the hudraulics support, are twao 2.5" x Z.5" u @.25"
channels that provide a mounting surface for the support
trusses of the boom. A Z92" x 54" » @.25" reinforced
plate is attached at the end of the chassis. The power
supply and heat sink are mounted on the plate as
ballast.

The material for the structure is 493Z2-T& aluminum

ailoy. This material was selected because of its high
strength and large elastic modulus. All members of the
chassis are welded and not bolted. This was done to

eliminate high stress concentrations and o transfer

forces move uniformly. The structural members have

ufficient size to provide ample welding ares.
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788 pounds on the moon. The weicht of the forklif

unlicaded will be approxiamateluy Z08 pounds on the TOOn.

support is S&588 pounds—FTorcel The worst case on the
frame is when two wheels cupport the entire weight of
the fullu loaded forklift. The loading would be

appraoqiamately 458 pounds per wheel. At the mounting

r

surface for he boom’s support truss, there will be 10808
pounds toctal force. The chassis will withstang both

bending and torsion

n
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Jond
3]
n
Q.
1]
E
s
rt
X

a maximum deflection of
jess than one—guarter inch.

FPlacing the power supplies and heat sink in the
rear of the vehicle increase the momsnt behind the front
wheel=. The increased moment helps to prevent the
vehicle from overturning when lifting a load. Forklifts
on earth use increased ballast to balance the weight of
the forks. Weight is a prime factor in the design of
the lunar forklift; therefore, the distance is increased
toc create & large counter—balancing moment. Without
this cantilever or extra ballast, the lifting capability

wouwld be decreased.
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DRIVE AND CO

-

RGL SYSTEMS

Power Source

The lunar forilift must have a source of Ppower to
drive the various motors and pumps on the vehicle.
Several possibilities exist to power the forklift. The
POsSsible energy sources are solar arraus, fuel cells,
thermal to electric convertors and batteries.

A solar arrau to convert the sun’s energy directly

to electricity would do the _job. Howeverys the array
would have to be extremely large to provide enough
POouwer . With the solar array attached the vehicle would
be unstable. Another poscsibility would be to run an

extension cord to the forklift from a stationary arrays,

Iy

ut this would limit the mobility of the vehicle.
Fuel cells are currently used to power the shuttle.
Fuel cell-electrolyzer units hkave the benefit of being

able to produce many kiloawatts for thousands aof hours.

-
wr
m
n
r

e units are usually cguite large. The size of the
vehicle would have to be increased thus reducing the
mobilityu.

Thermal power generating systems can use heat from

virtually any scurce with the appropriate temperature.

Nuclear reactors and radiciscoctopes are +tuc commonliy ussd

neat sources. While thermal to electric snergy
convertors are a viahbhle soclution to the powsy Supplu
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requirement of the forklift, they are large. The ri
of injdury to the astronaut is high should the device
fail. Since the device would have to travel with the
forklift, its structure would bHe subiscted to variocus

shock and vibrational loading in addition to the thermal

shock that would occur on the moon. The poss

"}

& sudgden catastrophic failure that would endanger th

astronaut as well as the logistical rroblems of carvruin

the device arocound rule out thermal to electyric
convertors.
Many developments in the design of primary and

rechargeable or secondary electrochemical storage

batteries have reduced weight with increased life and

energy density per unit weight. Three systemss

nickel-cadmium, nickel—hudrogen and the alkali metal
high—energy couples are the most promising for space
applications. The alkali metal sustems, sodium and
lithium, are potentially the lightest in weight, but

the least expensive or long—1ived. Nickel—-cadmium

"

batteries have been used extensively in recent uears

(=

bility of

ot

-

because of their good reliabilty and long 1life. Enercy

density and design life are the two most critical

factors governing battery selection. Design life refers

te the useful life of the battery. Energy density is

the energy stored per unit weight and is expres=sed

-

watt—hours per bilogram.

forigli

“h
rt

be ussd thus

e

that rechargable batterie
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t is desirable in designing a



reducing the number of batteri

0

= transported tc the

MmO . Patteries can be recharged from a staticnaru

0
0

1ar arrsyu. Another advan

t
I

fode

= that they allow the switching out of batteries
between different machines being used on the moon.
Since, they are recharagable greater confidence in their

ability to power other equipment is realized if the

ecuipment is designed tcoc accegt the batteries. Primaryg
batteries on the other hand reguire close monitoring of
the power discharged hefore thewy can be switched oot

The alkali high—energy systems show the most Promise.
The nickel—cadmium sustem is approaching the l1imit of
further development. FPerhthaps more significant advances

will be made with the nickel—-hydrogen system. At this

Point in time it is hard to say which sustem will be the

most cost efficient however, it is known that the
forklift should be powered by rechargable batteries.
Two batteries, one of which acts as a backup toc the
other, will be used to power the forklift. One battery
whilea provide 36 volts for eight hours and the backup
will provide power for 28 minutes. The alkali metal
group has the potential to give the highest energy
density. Assuming that the CRC prediction of 908
A—-hrs/kg energy density is valid, the forklift will

require &28 pounds of batteries to power on eigh

D]

lrfc

hour

shift

ge of rechargable batteries
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Electric motors will play an important part in the
operation of the forklifit, The drive system consists of
a motor and a 86:1 gear reduction at each wheel.
Variable speed, variable torque, light weight, high
efficiency are among the considerations for selecting a
motor.

Permanent magnet (PH) brushless motors have several

advantages. Their ability o perform in & thermal
vacuum is well documented. They are also easy to
control at high speeds with low currents. At low speeds

PM motors require large currents to achieve the desired
torques. High currents make DC motors difficult to

control. Demagnetization of the permanent magnet is

ancther important disadvantage, that must be considered
and safety factors emploued.

Direct current brush type motors can alsc be used.
They have the advantage of being able to develop very
high torques at low speeds. At high speeds, hocwever,
they develop a large counter EMF which must be overcome.
To be as efficient és the PM brushless motor, the brush
tupe motor must be about twice a heavy.

Each type of motor has certain advantages and
diadvantages. In general, the PM motor operates bettror
at high spesds while the series DC brush type motor is

better at slow speceds. The brushless motor is mor
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efficient and generates lesse he=at because no current is
required by the rotor. therefore, no heat is aenerated.
The dissdvantage for the PM motor at low speeds can bs

=

eliminated bu de

]}
d
if]
o
P
o
i
ri

the motor so a high speeds only

-

one quarter of the full number of turns in the motor are
used. The high speed winding will then have a low hack
ErMir. The low speed winding that consists of the fFull
number of turns in the stator will be able to produce
the high torgue.

The ability of the PM motor to provide a controlled
regenerative braking when the input command is reversed
is an imporitant advantage ver the brush tupe motor.

The performance of the brush type motor as a gensrator

is unpredictable and thus requires external braking not

reauvired by the PM motor.

e

One cther possibilty s the linear sychronous drive

concept. A sketch of the concept is shown in figure

M-, This arrangement does not require gear roduction
, ,

oy sxternal braking. Heat transfer to the whesel shiatt

means no external cooling is needed.
The linear suchronous drive would be the aptimum

choice for the drive sustem. However, the technology

el
0

still in the development stage. The next best choice i

0

the PM brushless motor and it is used in the design
presented here for the wheel drive and the hudraulic

PUMP -



WHEELS

L.

It

oes the lunar surface itselfd creste a

)

ign of the forklift’s wheel, extremely hot

problem in de

0

temperatures create problems also. With temperatures
reaching Z43 degrees Fahbrenheit conventional rubber
tires would melt.

One alternative to the rubber tire is a track type
sustem similar to a bulldozer. Tracks provide sxcellent
traction and manueverability. Their ability +to tuwrn and
to climb over small obstacles are hicghlu advantageous
over the wheel. Tracks do provide a drawback in that
they weigh alot and have numerous moving parts.
lLubrication of the tracks would be hard to maintain, and
eventually moon dust would cause deterioration of the
tracks. The weight of the tracks and the manner in
which they operate would require a considerable amount
of torque from the drive motors. Although failure of the
forklift to operate is not being anticipated, wheels
would proviﬁe an easier method of towing or pushing in
the event of a forklift breakdown in the field.

Ancther method of moving the vehicle consistasd of
two imng cuylinders of a large diameter. The cylinders
would provide more contact area with the surface than
would wheels. Culinders would interfer with the desired
construction of the boom though, eliminating this tyupe

cf whesl.



on the iunar Roving Vehicle s wheel. The

of 38 rim, & spun asluminum disc, a Flexible woven
outer frame, a stiff inner ¥Fframe. tread

The inner frame is essentialiu a stiff spring

limits the wverticle and

frame and absorbs

The Tlexikle

wivre

consisting of

wires 1in 8 .5 inch mesh.

intrervals asnd then

are interwocven to form a

woven into

impasct loads.

Each

=

g8 interwoven

wire 1is

outey wire frame is woven

LB3Z inch

fiat mesh.

cylinder.

design of the forklift wheel

Page A7 ]

is based

wheels consist

wire

and fasteners.

whiich

lateral deflection of the outer

from music

diameter

crimped at

fixed

The meshes

The tread strips are applied to the wire frame.

Each strip
rivet which passes through

mesh and is headed over

mecsh.
securing washer prevents

The tread
s0il contacting surface.
in diameter and are 15 inches

The aluminum alloy rims

which is fres to rotate about

to

rf

is mounted hHhe spindle and

the gcear. The twoc—Ffoot gears

and 24 test

the

is secured to the woven wire outer frame by a

tread strip and the wire

a washer on the back

The wheels measure

wide.

mount

the spindle.

strips cover approximately S5087%

E

side of the

A tubular spacer between the tread strip and the

clamping of the wire mesh.

aof the

48 inches

to a gear adapter

ach motor
on to drive
inions
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disengagement

failure.

toc he
for rotation
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STEERING

The forklift is steered by both front and rear
wheels in a double Ackerman arrangement. Ackerman
steering denotes that the inner wheel turns a s=maller
radius circie than the outer wheel. Baoth front and rear
whesls are capable of turning independently, but with

both sets of whesls steerable, the vebhicl F more

)
>
1]
"
3
o
n

respdnsiveness.

The use of either front steering or rear steering
only was considered, but due to the difference in weight
distribution in the forklift loaded and unloaded, double
steering proved to be the most logical. The center of
gravity for the forklift unloaded lies between the
center of the wheelbase and the rear wheels. Therefore
there will be a much smaller downward force on the front
wheels than on the rear ones. With only front wheel
steering, turning may become difficult if the front
wheels cant get a good grip on the lunar surface. With
the forklift loaded, there should be noc problem with
lack of weight in the front end.

Similar to front wheel steeringy rear wheel

teering contains the problem of weight distribution

n

also. Unloaded, the forklift can manuever with no

difficulties. When a heavy load is applied 5 the
forks. the weight shifts towards the front end leaving
little force on the rear whesls. Depending on the
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amount of the load, steering mayu be worse than the

ic eliminsate the problems of weight distribution

in the =single stesring sy tems, both front and rear

n

wheel steering sustems were combined to provide adequate
stesring whether the forklift is loaded or unloaded.
Another consideration in steering design was an

articulated steering sustem in which the frame wss

divided intc two main sections. The sections were

connected by a large king pin positioneds upright betwesn

r+
T
m
3

about it which they rotated. Adrfticulated steer
enables all four wheels to be mounted on axles instead
of spindles. since it is the frame sections which pivaot
and provide the steering and not the turning of the
wheels. Although articulated steering has proved to be
beneficial in heavy construction equipment, articulated
steering was not chosen for use in the forklift for
reasons in the frame design. The l1lifting structure of
the forklift requires a cone—piece frame on which to be
mounted.

The final design of the steering system uses a
rack and pinion setup positioned between each set of

wheels. Fowering them are two small motors. i

|
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0
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n

are located at each corner of the frame foar attachment

r
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he wh Ppindles, from w ch steering arms tend.
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Using the Ackerman cteering Principle, the steering arm

protrusion forms an angle of
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spindle axle. Thus when the ocoutside whesl stesring arm

reaches 28 degrees with respect o the original spindle

n
[ 8

locaticn, the in de wheel steering arm has well

0

surrpassed the F@& degree point. The steering linkages
are fTixed in length and therefore causes the inner wheel

to be turned more.

3

aximum travel of the steering linkages results in

T

- ]

an cutter wheel angle of 19 degreses and an inner wheel
angle of 48 degrees. This gives the forklift a minimum

turning radius aof 13 feet.



THERMAL PROTECTIOCN SYSTEMS

A passive cooling system was selected to kesp the
hudraulic fluid within acceptable temperature limits.
This passive cocling system also helps to kesep the total
weight of the forklift down. Keeping weight as locw as
possible is important, especially when the high cdst of
transporting mass to the moon is consisdered. The
battery unit would have to be larger +to accomodate a
rowered cooling sustem and this larger battery unit
would add weight to the vehicle.

Essentially the cooling sustem for this forklift is
composed of a hinged metallic block with five holes
drilled through to allow the huydraulic lines +to make
five passes through the block. While the fluid is
within the block.: it will give up heat +o the block.
Over a periocd of time the block’s temperature will
approach the temperature of the fluid. Once the block
gets to a certain temperature, it will be removed and s
second block which has been previously cooled will be
attached toc the hydraulic lines. The hot block will he
taken back to be cooled dowun so it can bhe used again.
While the block iz in place cooling the hudraulic fluid,
it will be neccessary to inclose it in some type of

ective pain

o+

- This housing

[

housing painted with a re¥f
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will sprevent the block from ab=sorbing heat rom the sun.
Hithout & housing., the block will need Yo be change
much more often. The hydraulic reservoir will be
Provided with a radiation shielding.

The hydraulic fluid must be kept hetwesn 152-209
degrees Fahrenheit in order for +the hudraulic system to

cFrerat

e sfficientlyu. It is not critical to cool the
electric motors down because they can still cperate at

high temperatures and they will be shaded from the sSsun’s=

It
n
1)
.

i

ra y a8 ra ation shield.

The cooling block will come in two parts which are
connected by two hinges. The block can be opensd and
closed onto the hydraulic lines. A latch will fasten
the halves together with enough force to ensure a sSnhnug
fit onto the hydraulic lines. The cooling effect will
not be as great for a loose fit as it would be for a
tight fit.

In the mathematical analusis of this cooling
system, it is assumed that Newtonian heating will take

place between the black and the hydraulic fluid.

Mewtonian heating is wvalid as long as the temperature

throughout the block is uniform. Materials with a high
value of thermal conductivity will support the
assumption of Newtonian heating. Aluminum and copper
appeared to be the best materials to use for the bBlock.

but asluminum will be used on
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It is important to keep the thickness of the block

the hudraulic lines =

L.
n

Between the outer surface an

small as possible. I¥ the block is too thick, the
assumption of Newtonian heating startse to breal down.
For a thick bloci, the regions which are farthest from
hydraulic lines within the block will be cooler than the
regions of th biock which are closer to the lines.

This condition creates & non—uniform temperature

Il

throughout the block thus disturbSing the assumpticn of
NMewtonian heating. Even for a thin block, the
temperature distribution will be non—uniform., but the
variations of temperature would be negliable dus to the
large value of thermal conductivity.

The Reyncold’s number, evaluated for the flow of the

hydraulic fluid within the block. was found to be lower

than Z23806. iaminar iow is assumed to be taking place.
The heat—transfer coefficient for laminar Fflow in tubes

for {(RePr

£

ALY 1@ can be evaluated from an empirical

correlation suggested by Sieder and Tate.

0.4
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Ny, = .86 (Reu )5 ( D/LY™ (Mu fua s
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.

the viscosity at the bullk tempesrature asnd Us

fods
n

the viscosity at the wall temperature. The
heat—transfer coefficient was found from the following
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te the block to the rate of change
enargy of the block. & function re
tempsrature of the block to the tim
T¢) = Tp ~(T; -Ti)exp
where Tf is the temperature of the
initial temperatur of the block.
is m and it s specific heat is .

thv

A heat sink which weighs appro
will keep the hydraulic fluid withi
temperature range. The block will
apPproximately once every two hours
instalied at an

opevration if it is

of 50 degrees Fahreneit. When the
temperature of 158 degrees Fahrenhe
changed because it will not be capa

fluid enough.
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thermal lunar

from direct solar radiation.

from the lunar surfaces radia
surface., internally generated
reflected or emitted from the

The hudraulic fluid used

0
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considered concerning

vehicle. Heat is gained

=s=olar radiation reflscted

"1'
oo
0
3

emitted from the lunar
power. and radiation
shields.

in this fork 1ift must not

exceed a temperature of two hundred degress Fahrenheit.

The fluid must be shieldsd r
Way .

The electrical component
from radiation.

Moisy electri

degradation mechanisms which

attack

om the environmnment in some

s muist alsc be shielded
cal discharges azs well as

the surface and

latrtice structure of silicon may make s2lectronics

unreliable.

of diodes is decreased. Addit

transister gain.
Layers of thin

combat these problems. Multi

The forward current output and recoveru time

ional problems occocur with

insulation may be used to help

layer insulations usually

consist of very thin polyimide films that have aluminum

or gold vaecuum deposited on one or both sides. This type
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effective enocugh to kkeep the surface temperature between
sixty and ninety degrees Fahrenheit. This would be ideal
for most fork 1lift applications.

The use of thermal coatings with very low ratios
of sclar absorptance to thermal emittance are quite
effective. These coatings, however, may be damaged or
degrade somewhat under radioactive exposure. In

additions the radia

rt
Jode

on ¥from the hot lunar surface may

stil

Jord

cause higher temperatures even with the coatings.
White paint iz the coating of choice. The chassiss boom.
and all reiatively non—heat—sensitive parts of the fork
l1ift are coated with such a thermal barrier. The
aluminum structure of the 1ift will not suffer great
losses in strength or durability if the coating should
fail. When the vehicle is illuminated from one =ide,
however, s large temperature gradient may result from
one side of the frame to the other.,{( from the sun 1it
side to the shaded side), even though the skin
conductance is large.

Radiation shields can also be used as a method of
thermal control for vehicles on the lunar surface. The

shields can effect

és

vely isclate the vehicle from bBoth

solar and lunar radiation during the dauvtime These
shields would be used only in critical areas on the

iunar fork lift. These areas would include motors.



s

Page 43

INSTRUMENTATION

The iunar forklift is controlled by means of a
remote unit warn by the astronaut. This lets the
orPperator position himself in>the best possible viewing
Position during operation. In addition, weight and
balance considerations were reduced during the design
process. The remote control unit is warn on the stomach

of the operator and controlled bu six levers { joy

r{

=sticksi. It strap on and 1is separately powered, with =

n

viewing pan=2l extending from the base by flexible metal
tubes. The viewing panel displays vital information
about battery power and motor temperature. The unit is
encliosed in aluminum and must be well shielded from
radiation. Radiation will begin to destroy the
semiconductor characteristics as well as cause
electrical discharges which would interfere withk the
transmission of the data from the remote unit. The
aluminum casing must also be completely sealesd. Dust
boot=s made of space suit material cover the base of the
Joy sticks to keep lunar dust out. The signals from the

control transmitter are received by the central

¥

micvrocomputer aboard the forklif

rt
oot
I
Jode
3
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0

eads direc

Jand

Power from the batteries

bl

The circuit breakers provide cirvcuit protecticn = well
as a means of shutting off the forklift powsr. The
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miorococomputer controls all aspects of the forklifts

operati

)

one piece design allows the computer to be replaced wi

littie

(L

ifficulty should any malfunction ocour.

The nydraulic cylinder control unit also control

Tie 1his unit is alsc sealed and shielded. The

th

=

the hydraulic pump. to keep the pressure at operatioconal

levels without the pump running continucusly. The

cylinder control unit is powered and controlled by the

centra computer by commands transmitted by the
operator.

Heaters for the huydraulic cylinders are provided
hydravlic fiuid will not leak when they get cold. A
temperature contrelled relay switch turns the heaters
on .

The speed indicator activates the reverse light a
2 low power transmitter, as a warning when it senses t
wheel rotating backwards. This control procedure takes
piace inn the cenitrail micra;omputer housing to minimize

the chance of fTailure. Deceleraticn will cause the

in

peed sensing device to activats brake lights. This

iso means brake lights will appear during some turnin

n

praocedures.

The microcomputer, batteries and hudraulic pump &
iccated at the rear of the 1ift te provide ballast. T
frame 1is made of aluminum.s so the chassis can be used

uy simplifies wiring and
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unay Torklift cutlined here is supected t

-y
m
Joad

fand

meset sil the design criteron set forth in the problem
statemant. A test be to simulate the moon’s

environment can be constructed to gqualify the design.

By supporting 576 of the forklift’ s weight with cablesy

the effect of gravity on stability can be studied. The
hudrualic culinders must be qualifiad for use at
elsvated temperatures in a vacuum by testing on esrth in
& ¥SsCuum o in sSpace on the shuttie.

Several failsafe mechanisms are built intc. the
forelift to insure its safe operation. A Spare battery

is provided to power the motors and related electronics

he main battery fails. This backup sustem

rt

in Ccase

woulc alicw the astronaut to finish the precsent task and

return to the base.

loads from falling so fast that they might crush anuone

underneath them. Instead, the load would descend
siowliy. allowing the astronaut time to get cut of the
Way . Yaiues in the hudraulic fluid lines, that cio=ss
when s sudden pressure drop is sxperienced, prevent
fiviag From being evacuated from the cylinders. This

. . - s

Precasution provides protection from & rvupture of the
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93"

78"

78 "

52 11

Sa "
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CHASSIS

4" x 1" x 0.25"

4" x 1" x 0.25"

4" X 2" x 0.23"

4" x 3" x 0.25"

2.3" x 2.5" x 0.25"

1.5" x 0.25"

54" x 39" x 0.25"

DENSITY OF ALUMINUM

WEIGHT ANALYSIS

BOX BEAM (FRAME) 419 in=
BOX BEAM (FRAME) 176 in®
BOX BEAM (FRAME) 215 in3
BOX BEAM (HYDR. SUPP.) 221 in®
CHANNEL (TRUSS SUPP.) 195 in™
TUBING (AXLE BRACE) S5 in®
PLATE (BALLAST SUPP.) 392 in=

TOTAL 1675 in™

= 0.1 1b/in®

TOTAL WEIGHT ON EARTH = 167.5 1b

TOTAL WEIGHT ON MOON = 28 1b
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Cylinder name: Boom Extension

Material: 1050 Cold Drawn Steel

Actual load: 936 (1b)
Extension: 72 (in)
Factor of Safety: 5

Modulus of Elasticity: 3E+07 (psi)
Yield Strength: 84000 (psi)
Density: A .282 (1b/cu in)
Piston Diameter: 1.13668 (in)
Cylinder Bore Diameter: 1.72609 (in)
Cylinder Wall Thickness: .125623 (in)
Cylinder End Thickness: .276309 (in)
Cylinder Outside Diameter: 1.97733 (in)
Cylinder Body Length: 72.8289 (in)
Cylinder Length Extended: 144.829 (in)
Cylinder Length Closed: 72.8289 (in)
Weight Empty: 36.0458 (1b)
Weight Extended with Fluid: 41.454 (1b)
Weight Closed with Fluid: 38.4091 (1b)




Cylinder name: Boom Tilt
Material:

Actual load:
Extension:
Factor of Safety:

Modulus of Elasticity:
Yield Strength:
Density:

1050 Cold Drawn Steel

5600
48
5

3E+07
84000
.282

(1b)
(in)

(psi)
(psi)

(1lb/cu in)

Piston Diameter:

Cylinder Bore Diameter:
Cylinder Wall Thickness:
Cylinder End Thickness:
Cylinder Outside Diameter:
Cylinder Body Length:
Cylinder Length Extended:
Cylinder Length Closed:

Weight Empty:
Weight Extended with Fluid:
Weight Closed with Fluid:

1.45152

4.22201
307273
.675852
4.83655
50.0276
98.0276
50.0276

90.4194
111.991
93.0408
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Cylinder

Material:

name: Outrigger

1050 Cold Drawn Steel

Actual load:
Extension:
Factor of Safety:

Modulus of Elasticity:
Yield Strength:

Density:

Piston Diameter:

Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder

Bore Diameter:
Wall Thickness:
End Thickness:
Outside Diameter:
Body Length:
Length Extended:
Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

600
24
5

3E+07
84000
.282

.587216

1.38198
.100579
.221224
1.58313
24.6637
48.6637
24.6637

5.31338
€.46898
5.52587

(1b)
(in)

(psi)
(psi)
(1b/cu in)



Cylinder name: Boom Tilt

Material: C27000 Yellow Brass

Actual load: 5600 (1b)
Extension: 48 (in)
Factor of Safety: 5

Modulus of Elasticity: 1.54E+07 (psi)
Yield Strength: 60200 (psi)
Density: .309 (1b/cu in)
Piston Diameter: 1.71483 (in)
Cylinder Bore Diameter: 4.22201 (in)
Cylinder Wall Thickness: .471398 (in)
Cylinder End Thickness: .852532 (in)
Cylinder Outside Diameter: 5.1648 (in)
Cylinder Body Length: 50.5576 (in)
Cylinder Length Extended: 98.5576 (in)
Cylinder Length Closed: 50.5576 (in)
Weight Empty: 150.243 (1b)
Weight Extended with Fluid: 171.814 (1b)
Weight Closed with Fluid: 153.928 (1b)



Cylinder name: Boom Extension

Material: C27000 Yellow

Actual load:
Extension:
Factor of Safety:

Modulus of Elasticity:
Yield Strength:
Density:

Piston Diameter:

Cylinder Bore Diameter:
Cylinder Wall Thickness:

.Cylinder End Thickness:

Cylinder Outside Diameter:
Cylinder Body Length:
Cylinder Length Extended:
Cylinder Length Closed:

Weight Empty:
Weight Extended with Fluid:
Weight Closed with Fluid:

Brass

936
72
5

1.54E+07

60200
.309

1.34289

1.72609
192722
.348542
2.11153
73.0456
145.046
73.0456

58.2387
63.6469
61.5438

(1b)
(in)

(psi)
(psi)
(lb/cu in)



Cylinder name: Fork Tilt

Material: C27000 Yellow Brass

Actual load: 5600 (1b)
Extension: 18 (in)
Factor of Safety: 5

Modulus of Elasticity: 1.54E+07 (psi)
Yield Strength: 60200 (psi)
Density: .309 (1b/cu in)
Piston Diameter: 1.05012 (in)
Cylinder Bore Diameter: 4.22201 (in)
Cylinder Wall Thickness: .471398 (in)
Cylinder End Thickness: .852532 (in)
Cylinder Outside Diameter: 5.1648 (in)
Cylinder Body Length: 20.5576 (in)
Cylinder Length Extended: 38.5576 (in)
Cylinder Length Closed: 20.5576 (in)
Weight Empty: 56.3719 (1b)
Weight Extended with Fluid: 64.4611 (1b)
Weight Closed with Fluid: 56.9198 (1b)




Cylinder

Material:

name: Outrigger

C27000 Yellow Brass

Actual load:
Extension:
Factor of Safety:

Modulus of Elasticity:
Yield Strength:

Density:

Piston Diameter:

Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder

Bore Diameter:
Wall Thickness:
End Thickness:
Outside Diameter:
Body Length:
Length Extended:
Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

600
24
5

1.54E+07
60200
.309

.693742

1.38198
.154301
.279057
1.69058
24 .8372
48.8372
24.8372

8.77824
9.93384
9.07622

(1b)
(in)

(psi)
(psi)
(1b/cu in)




Cylinder name: Fork Tilt

Material:

1050 Cold Drawn Steel

Actual load:
Extension:
Factor of Safety:

Modulus of Elasticity:
Yield Strength:

Density:

Piston Diameter:

Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder

Bore Diameter:
Wall Thickness:
End Thickness:
Outside Diameter:
Body Length:
Length Extended:
Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

5600
18
5

3E+07
84000
.282

.888869

4.22201
.307273
.675852
4.83655
20.0276
38.0276
20.0276

34.1814
42.2706
34.5668

(1b)
(in)

(psi)
(psi)
(1b/cu in)




Cylinder name: Boom Tilt

Material: 4032-T6 Wrought Aluminum Alloy
Actual load: 5600 (1b)
Extension: 48 (in)
Factor of Safety: 5

Modulus of Elasticity: 1.03E+07 (psi)
Yield Strength: 46000 (psi)
Density: .098 (1b/cu in)
Piston Diameter: 1.89624 (in)
Cylinder Bore Diameter: 4.22201 (in)
Cylinder Wall Thickness: .69327 (in)
Cylinder End Thickness: 1.05907 (in)
Cylinder Outside Diameter: 5.60855 (in)
Cylinder Body Length: 51.1772 (in)
Cylinder Length Extended: 99.1772 (in)
Cylinder Length Closed: 51.1772 (in)
Weight Empty: 69.1127 (1b)
Weight Extended with Fluid: 90.6839 (1b)
Weight Closed with Fluid: 73.656 (1b)



Cylinder name: Boom Extension

Material: 4032-T6 Wrought Aluminum Alloy
Actual load: 936 (1b)
Extension: 72 (in)
Factor of Safety: 5

Modulus of Elasticity: 1.03E+07 (psi)
Yield Strength: 46000 (psi)
Density: .098 (1b/cu in)
Piston Diameter: 1.48495 (in)
Cylinder Bore Diameter: 1.72609 (in)
Cylinder Wall Thickness: .28343 (in)
Cylinder End Thickness: .432983 (in)
Cylinder Outside Diameter: 2.29295 (in)
Cylinder Body Length: 73.299 (in)
Cylinder Length Extended: 145.299 (in)
Cylinder Length Closed: 73.299 (in)
Weight Empty: 25.2192 (1b)
Weight Extended with Fluid: 30.6274 (1b)
Weight Closed with Fluid: 29.27 (1b)



Cylinder

Material:

name: Fork Tilt

4032-T6 Wrought Aluminum Alloy

Actual load:
Extension:
Factor of Safety:

Modulus of Elasticity:
Yield Strength:

Density:

Piston Diameter:

Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder

Bore Diameter:
Wall Thickness:
End Thickness:
Outside Diameter:
Body Length:
Length Extended:
Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight C1

osed with Fluid:

5600
18
5

1.03E+07
46000
.098

1.1612

4.22201
.69327

1.05907
5.60855
21.1772
39.1772
21.1772

26.2226
34.3118
26.9065

(1b)
(in)

(psi)
(psi)
(1b/cu in)



Cylinder

Material:

name: Outrigger

4032-T6 Wrought Aluminum Alloy

Actual load:
Extension:
Factor of Safety:

Modulus of Elasticity:
Yield Strength:

Density:

Piston Diameter:

Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder
Cylinder

Bore Diameter:
Wall Thickness:
End Thickness:
Outside Diameter:
Body Length:
Length Extended:
Length Closed:

Weight Empty:

Weight Extended with Fluid:

Weight Closed with Fluid:

600
24
5

1.03E+07
46000
.098

76713

1.38198
.226926
.346664
1.83583
25.04
49.04
25.04

3.97668
5.13228
4.34304

(1b)
(in)

(psi)
(psi)
(1b/cu in)

(in)

(in)
(in)
(in)
(in)
(in)
(in)
(in)

(1b)
(1b)
(1b)
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APPENDIX C
Computer Programs



10
20

30

40

S50

&0

70

80

20

10C
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370

COMPOSITE LAMINATE SIZING PROGRAM

This program is an interactive optimization program designed to run
on an IBM PC using BASIC. It will find a minimum thickness laminate
which will .not fail under any of the load condition entered. As the
program is currently dimensioned, four independent load combinations
and 6-ply orientations can be entered. Only point stresses are
considered, thus the program optimizes the laminate only at one point
in the structure. Also, the program assumes in-plane loads only and
no out-of-plane deflections. This implies a symmetric laminate, but
stacking sequence is not a factor in the program. The layer
thickness generated by the program is the total and must be divided
by 2 to get the halves of a symmetric laminate.

DEFINT I-P:DEFDBL F o
DIM A(3,3),B(6,9),C(6,6),D(3,3),6(3,3),XN(4,3),A1(3,3),3(3,3),H(&),R(3),
S(3)»TLEIU(D) V(7)) 3 X(B)3Y(3),2(6)E(4,3)
DIM C%(10,2)
DEF FNRAD(X)=X/57.29578
DEF FNRAD(X)=X/57.29578
RESTORE
READ IMAX,E2,ES,Eé

ITER = 1
GOSUB 2530

PRINT "CORRECTIONS":INPUT "(Y/N)";AS$

IF As="Y" THEN 90

CLS: PRINT"WORKING”:PRINT "ITERATION";ITER

GOSUB 2900

GOSUB 2320

GOSUB 2180

GOSUB 1660

CLS:PRINT "WORKING": PRINT "ITERATION";ITER

IF Fs$="FAIL"™ THEN 3160

60SUB 1340

ITER=ITER+1

IF F$="FAIL" OR ITER > IMAX THEN 3160
GOTO 160

REM %% CONSTRAINT TEST¥*#
G$="PASS" :NC=0

FOR P = 1 TO NPLY

IF H(P) = O THEN 430
II=P: GOSUB 1200

FOR N=1 TO NL

FCON =-1

FOR K=1 7O 3

FOR J=1 TO 3

FCON = FCON + G(K,J)*E(N,J)*E(N,K)
NEXT J

FCON =FCON+S(K)#*E(N,K)

NEXT K

IF FCON>O THEN G$="FAIL"“:RETURN
IF FCONC-ES THEN 410



380
390
400
410
420
430
440
450
460
470
480
490
S00
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670

680

690
700
710
720
730
740
750
760
770
780
790
B0OO

B1O
820
830
840
850
860
870
880
890
900
?10
@20
930
40
9350
?60

NC=NC+1 -
C4(NC,1)=P

C%4(NC,2)=N

NEXT N

NEXT P

RETURN

REM *# GRADIENT %%
UNORM=0

11=P:G0OSUB 1200

FOR L=1 TO NPLY

IF H(L) = 0 THEN 680
II=L:605UB 1090

FOR J=1 70 3

R(J)=0

FOR K =1 T0 3

R(J) = R(II-Q(I,K)*E(N,K)

NEXT K,J

FOR J=1 70 3
Y{(J) =0

FOR K =170 3

Y{(I)=Y(I)+AI (T, K)*R(K)

NEXT K,J

Z(L)=0

FOR J=1 70 3

FOR K=1 TO 3
ZLI=ZL)+G(T,K)R(Y(T)*E(N,K)+E (N, J) *#Y(K))
NEXT K '

ZL)=2(L)+S(JI*Y(T)

NEXT J

UNORM=UNORM+Z (L) %2 (L)

NEXT L

UNORM=SGR (UNORM)

FOR L=1 TO NPLY

2(L)=2(L)/UNORM

NEXT L

RETURN

REM ## STRAINS #*x

DIM F(3,3)

FOR I=1 7O 3

FOR J=1 TO 3

F{(I,I)=A(I,J)+D(1,J)%S

NEXT J,1

DETH#=F(1,1)#F (2,2)%F (3,3)+2%#F (1,2)%F(2,3)#F (1,3)-F(2,2)%F11,3)*F(1,3)-
F{1,1)%F(2,3)%F(2,3)-F(3,3)%F(1,2)%F(1,2)
AI(1,1)=(F(2,2)%F(3,3)-F(2,3)%F(2,3))/DET#
ARI(2,2)=(F(1,1)%F(3,3)-F(1,3)%F(1,3))/DET#
Al(1,2)=(F(1,3)%F(2,3)-F(1,2)*%F(3,3))/DET#
ARI(3,3)=(F(1,1)%F(2,2)-F(1,2)%F(1,2))/DET#
AI(1,3)=(F(1,2)%F(2,3)-F(2,2)%F(1,3))/DET#
AI(2,3)=(F(1,2)%F(1,3)~F(1,1)#F(2,3))/DET#
AI(2,1)=A1(1,2):A1(3,2)=A1(2,3):A1(3,1)=A1(1,3)
ERASE F

FOR I =1 TO NL

FOR J =1 7O 3

E(I,J)=0

FOR K =1 70 3
E(IsJ)=E(I,J)+AI(JT,K)*XN(I,,K)

NEXT K»J,1

RETURN

REM #% A MATRIX #*%



970 FOR I =1 70 3

980 FOR J =1 70O 3

990 A(I,J)=0:D(1,J)=0

1000 NEXT J,1

1010 FOR I =1 TO NPLY

1020 I1I=1:G0SUB 1090

1030 FOR J=1 70 3

1040 FOR K=1 7O 3

1050 A(J,KI=A(T,K)+Q(JT,K)*H(I)
1060 D(J,K)=D(I,KI+Q(T,K)#2(1)
1070 NEXT K,J,1

1080 RETURN

1090 REM %% FORM @ %%

1100 @(1,1)=C(I11,1)

1110 Q(1,2)=C(11,3)

1120 @(¢(1,3)=C(11,5)

1130 Q(3,1)=C(11,5)

1140 Q(3,2)=C(11,6)

1150 Q(3,3)=C(II,4)

1160 Q(2,3)=C(11,6)

1170 @¢(2,2)=C(11,2)

1180 R(2,1)=C(11,3)

1190 RETURN

1200 REM ## FORM G ##%

1210 G(1,1)=B(I1,1)

1220 G(1,2)=B(11,3)

1230 G(1,3)=B(1I,5)

1240 G(2,1)=B(11,3)

1250 G(2,2)=B(11,2)

1260 G(2,3)=B(11,6)

1270 G(3,1)=B(11,5)

1280 G(3,2)=B(11,6)

1290 G(3,3)=B{II1,4)

1300 5(1)=B(11,7)

1310 S(2)=B(11,8)

1320 S(3)=B(11,9)

1330 RETURN

1340 REM ## NEW H VECTOR ##
1350 SMAX=1E+10

1360 FOR I=1 TO NPLY

1370 IF 2(I)<>0 THEN S=-H(I)/2(1I)
1380 IF S>0 AND S<SMAX THEN SMAX=S
1390 NEXT 1

1400 Fs$=""

1410 IF SMAX> 10 THEN F$="FAIL": RETURN
1420 S1=0:52=SMAX :S=SMAX

1430 IF NC=0 THEN 1570

1440 GOSUB 740:G0SUB 230

1430 IF G$="FAIL" THEN S2=S ELSE S1=S
1460 IF S1=SMAX THE 1510

1470 S=(S1+52)/2

1480 IF S2-S1<E2 AND S1=0 THEN F$="FAIL": S=0: GOTO 1630
1490 IF S1/(52-51)<4 THEN 1440
1500 S=S/2

1510 SREF=0

1520 FOR I= 1 TO NPLY

1530 H(I)=H(I)+2(I)%S

1540 IF H(I)<E2 THEN H(I)=0
1550 SREF=SREF+H(I)#H(I)

1560 NEXT 1




1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1730
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
19460
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
21350
2160

5=0:S5REF=SQR (SREF)

GOSUB 960:G0OSUB 740:G0SUB 2010
IF SREF-S<E2 THEN F$="FAIL"
FOR I= 1 TO NPLY
H(I)=H(1)%*S/SREF

NEXT 1

$=0

GOSUB 9460:G0SUB 740:G0SUB 230
RETURN

REM ## DIRECTION %%
2=0:UNORM=1

FOR I=1 TO NPLY

X{I)=0

Z2=2+SEN(H(I))

NEXT 1I

2=1/8SQR(2)

IF NC=0 THEN 1850

FOR I=1 TO NC
P=C%{I,1):N=C%(I,2)

GOSUB 440

FOR J=1 TO NPLY

LET X(J)=X(J)-2(J)

NEXT J,I

UNORM =0

FOR J=1 TO NPLY
UNORM=UNORM + X(J)#*X(J)
NEXT J

UNORM=SQR (UNORM) : TEST=0
FOR I=1 TO NPLY
X(I)=X{(I)/UNORM
TEST=TEST+X(1)#*Z#SGN(H(I))
NEXT 1

UNORM =0

FOR I=1 TO NPLY
Z(I)=X(I)-TEST*#2#SGN(H(I))
UNORM=UNORM+2(1)#2(1)

NEXT 1

IF UNORM<.000001 THEN F$="FAIL": RETURN ELSE F$=""
UNORM=SGR (UNORM)

FOR I=1 TO NPLY
2(I)=2(1)/UNCRM

NEXT 1

GOSUB 940

RETURN

REM ## STRAIN RATIO #=

FOR P =1 TO NPLY

IF H(P)=0 THEN 2160
1I1=P:GOSUB 1200

FOR N= 1 TO NL

B#=0:C#=0

FOR I =1 TO 3

FOR J=1 TO 3
C#=CH#-SREF#SREF*G(1,J)*E(N,I)*E(N,J)
NEXT J
B#=B#-SREF#S(I)*E(N,1I)

NEXT 1
SVAL=<-B#+SQR(B#*B#-4*CH#%(1-E&)) )/ (2%( .000001))
IF SVAL>S THEN S=SvAL

NEXT N

NEXT P




- - -

2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
23%0
2400
2410
2420
2430
2440
24350
2460
2470
2480
2490
2500
2510
2520
2330
2540
2550
2560
2570
2580

2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
26920
2700
2710
2720
2730
2740
2750

RETURN .
REM #% IFP ##

2=1/SBR(NPLY)

FOR I=1 TO NPLY
2(I)=2:H(1)=2

NEXT I

GOSUB . 960

S=0:SREF=1

GOSUB 740:GOSUB 2010

FOR I=1 TO NPLY

H(I)=H(I)*S

NEXT 1

=0
GOSUB 960:G0SUB 740:GOSUB 230
RETURN
REM %% TRANSFORM #*#%

FOR I =1 TO NPLY
C2=COS(2%T(1)):C4=COS(4%T (1))
S2=SIN(2#T(I)):S4=SIN(4*T(I))
B(I,1)=V(1)+C2%V(2)+C4%V(3)
B(I,2)=V(1)-C2#V(2)+C4#V(3)
B(I,3)=V(4)-C4xV(3)
B(I,4)=V(5)-C4*V(3)
B(I,5)=52/2%V(2)+54%V(3)
B(I,5)=52/2#V(2)-54%V(3)
B(1,7)=V(6)+C2%V(7)
B(1,B)=V(&6)-C2#V(7)
B(1,9)=S2%V(7) :
C(I,1)=U(1)+Ca%U(2)+C4*U(3
C(1,2)=U(1)=Ca%U(2)+Cau*U(3)
C(I,3)=U(4)-CaxU(3)
C(I,4)=U(5)-Co*U(3)
C(I,5)=52/2%U(2)+S4%U(3)
C(1,6)=52/2%U(2)-54%U(3)
NEXT 1
RETURN
REM #% INPUT #*#
CLS
PRINT "PRESS ANY KEY WHEN":PRINT "DESIRED MATERIAL":PRINT "APPEARS"
FOR K = 1 TO 750:NEXT
FOR M=0 TO & ,
REM IF M=6 THEN M$="NEW MATERIAL" ELSE READ MyEX.EY,VX,ES,TPLY,XT,YT,X(
YC,55,M
CLS:PRINT M$:REM SOUND 20,1
FOR J=1 TO 200
IF INKEY$<>"" THEN 2640

NEXT J,M
60TO 2570

IF M=6 THEN GOSUB 9000:GO0TO 2550
CLS:PRINT "5 ";M$;" S*

PRINT "HOW MANY"

INPUT "PLY GROUPS" §NPLY
CLS:PRINT "ENTER PLY GROUP"
PRINT "ORIENTATIONS"

FOR I =1 TO 200

NEXT 1

CLS

FOR I =1 TO NPLY

PRINT "PLY "31

INPUT T(I)




2760 T(I)=FNRAD(T(1)) -

2770 NEXT 1

2780 PRINT "ENTER NUMBER OF"

2790 PRINT "INDEPENDENT LOAD"

2800 INPUT "CONDITIONS";3NL

2810 FOR I =1 TO NL

2820 CLS:PRINT "Load "3;I3"in MPa. "

2830 INPUT "N1="3;XN(I,1)

2840 INPUT "N2="3$XN(I,2)

2850 INPUT "N&="3XN(I1,3)

2860 FOR J =1 TO 3

2870 XN(I,J)=XN(I1,J)#1000000!

2880 NEXT J,1

2890 RETURN

2900 REM #*# INVARIENTS #%

2910 VY = 1/(1-VX*VX*EY/EX)

2920 QAXX=VY*EX#1E+09:QYY=VY*EY*1E+09%

2930 GXY=VY#VX*EY*1E+09:RS=ES#1E+09

2940 U(1)=(3#RXX+3*QYY+2#QXY+4%RS) /8

2930 U(2)=(RXX-RYY)/2

2960 U(3)=(QXX+RQYY-2#QXY-4%QS) /8

2970 U(4)=(aQXX+RYY+6#QXY-4%#RS5) /8

2980 U(S)=(aXX+QYY-2#%QXY+4%QS) /8

2990 EX=1E-12/(XT#XC):EY=1E~-12/(YT*#YC) :ES=1E-12/ (55%55)

3000 FX=(1/XT-1/XC)/1000000! :FY=(1/YT-1/YC)/1000000!

3010 EXY=-SQR(EX*EY)/2

3020 GXX=EX#QXX#QXX+2#EXY#QXX#QXY+EY*#QXY*QXY

3030 GYY=EX#QXY#QXY+2*EXY*QXY*QYY+EY*QYY*QYY

3040 GXY=EX#QXX*#QXY+EXY#(QXX#QXY+@XY*QXY ) +EY*QXY%QYY

3050 GSS=ES*QS#QS

3060 GX=FX*#QXX+FY*QXY

3070 GY=FX#QXY+FY*QYY

3080 V(1)=(3#GXX+3%#GYY+S*GXY+4#55S) /8

3090 V(2)=(GXX+BYY)/2

3100 V(3)=(GXX+BYY-2#GXY-4%G55)/8

3110 V(4)=(GXX+BYY+&6#GXY-4%G5S5) /8

3120 V(S)=(GXX+GYY-2#GXY+4%GSS)/8

3130 V(6)=(BX+GY)/2

3140 V(7)=(GBX-BY)/2

3150 RETURN

3160 REM #% QUTPUT %%

3170 REM SOLND 15,2:REM SOUND 50,2

318B0 K$="Hit any key to continue*:Us=“MN/m*

3190 CLS:TEST=0

3200 FOR I=1 TO NPLY

3210 TEST=TEST+H(I):NEXT I

3220 PRINT "TOTAL THICKNESS = "

3230 PRINT TEST;"m."

3240 PRINT USING "####.## Plies";TEST/TPLY

3250 PRINT K$3;

3260 A$=INKEY$:IF AS<>"" THEN 32&0

3270 IF INKEY$="" THEN 3270 ’

3280 CLS:PRINT "Press Y if printout”,"of dzsplayed result”","is desired.
Press N","if not";

3290 FOR I =1 TO BOO:NEXT 1I

3300 A$=INKEY%:IF A$<{>"" THEN 3300

3310 CLS:RESTORE 6120

3320 J=0:A%=INKEY%

3330 FOR I =1 70O 8

3340 READ A$:CLS:PRINT:PRINT A$:SOUND 20,1



3350 A$=INKEY$:IFA%="" THEN 3350 ' .
3360 PRINT A$;:FOR KK=1 TO 75:NEXT KK

3370 IF A%$="Y" THEN J=J+1:C%(J,1)=1

3380 NEXT 1

3390 IF J<>0 THEN LPRINT STRING$(24,"5")
3400 FOR K =1 TO J

3410 ON C%(K,1) GOSUB 480, (3200), 3460, 35600, 3820, 3920,4010,8000
3420 LPRINT

3430 NEXT K

3440 CLS:PRINT "FINISHED",K$

3450 IF INKEY$="" THEN 3450 ELSE RUN

3460 CLS:LPRINT "Total Thickness =" \
3470 LPRINT USING ".####~~~~ m."3;TEST

3480 LPRINT USING "####.4#%# Plies"3;TEST/TPLY
3490 LPRINT

3500 A$="ANGLE RATIO #PLIES"

33510 LOCATE 0,1:PRINT A$:LPRINT A$

3520 FOR I =1 TO NPLY

3530 A=CINT((FNDEG(T(I))*100!))/100!

3540 B= CINT((H(I)/TEST#10000!))/10000!

3550 C=CINT{((H(I)/TPLY#*#100!))/100!

3560 PRINT As3TAB(&)3B3sTAB(13)3C

3570 LPRINT A3;TAB(&)3B;TAB(13)3C

3580 NEXT I

3590 RETURN

3600 REM ##% STRENGTH #*#

3610 LPRINT "STRENGTH RATIOS™

3620 LPRINT "1 = ULTIMATE STRAIN":

3630 LPRINT ">1 IS SAFE"

3640 FOR I=1 TO NL

3650 LPRINT "LOADING "1

36460 LPRINT "PLY"

3670 FOR P=1 TO NPLY

3680 IF H(P)=0 THEN 3800

3690 1I=P:B0OSUB 1200

3700 A#=0:B#=0

3710 FOR J=1 70O 3

3720 FOR K=1 TO 3

3730 A#=A#+G (T, KI*E(I,JI*E(I,K)

3740 NEXT K

3750 B#=B#+S(J)*E(1,J)

3760 NEXT J

3770 A= (—BE#+50R (B#+4BH+L%A#) )/ (Ded#)

3780 A=FIX(A##10000!+.5)/10000!

3790 LPRINT FNDEG(T(P));TAB(10) ;A

3800 NEXT P,1

3810 RETURN

3820 REM #% STRAINS %%

3830 LPRINT TAB(4);"LAMINATE STRAINS"

3840 FOR N=1 TO NL

3850 LPRINT “LOADING "N

3860 LPRINT USING "el=+#.###E-03";E(N,1)#1000!
3870 LPRINT USING "e2=+#.###E-03";E(N,2)%10001
3890 LPRINT USING "eb=+#.###E-03";E(N,3)#1000!
3900 NEXT N

3910 RETURN

3920 REM %*# A MATRIX #*#%

3930 CLS

3940 LPRINT "Norm. 1Al in GPa. "

3950 FOR I= 1 70 3



3960 FOR J=i1 TO 3 -

3970 D(I,J)=A(1,J)/1E+09/TEST

3980 NEXT J,1

3990 GOSUB 7000

4000 RETURN

4010 REM #% A INVERSE %

4020 LPRINT "Compliance (normalized)"

4030 LPRINT "in 1/TPa."

4040 FOR I =1 70 3

4050 FOR J =1 TO 3

4060 D(I,J)=AI(I,J)*TEST*1E+12

4070 NEXT J,1

4080 GOSUB (7000)

4090 RETURN

4100 LPRINT "Material Properties"

4110 BET%AMSEXSEY,VX,ES, TPLY,XT, YT, XC, YC,55,M$

4120 LPRINT Ms

4130 LPRINT “EX="3EX3" GPa"

4140 LPRINT “"EY="3EY;" GPa"

4150 LPRINT "ES="3ES;" GPa"

4160 LPRINT "VX="j3;VX

4170 LPRINT "X="3;XT; " MPa"

4180 LPRINT "Y="3YT; * MPa"

4190 LPRINT "S="3;5S53;" MPa"

4200 LPRINT "Ply Thicness";TPLY"m"

4210 RETURN

6000 DATA 10,5E-5,.1,1E-6

6120 REM DATA Ply properies,Loads,Total thickness & ply ratios, Strength
ratios

6130 REM DATA Laminate strains,Stiffness matrix,Compliance matrix,Ply
ratio graph

7000 REM FANCY

7010 LPRINT * "

7020 LPRINT USING "14##. #H##"5D(1,1),D(1,2),D(1.3)

7030 As=" "

7040 LPRINT A%

7050 LPRINT USING "l1##4. 844" 3D(2,1),D(2,2),D(2,3)

7060 LPRINT AS$

7070 LPRINT USING "l1484.4#4#"3D(3,1),D(3,2),D(3,3)

7080 LPRINT " "

7100 RETURN

8000 LPRINT "## PLY RATIO GRAPH ##"

8010 LPRINT “ANBLE"

BO20 2=0:CLS

8030 FOR I =1 TO NPLY

8040 X(I)=H(I)/TEST

B80S0 IF X(I)>Z THEN Z2=X(I)

8055 NEXT

80460 DELTA=CINT(2/.08)/100

8070 A=CINT(DELTA%1000)

80BO IF A<>20 AND A<> SO AND A<> 100 AND A<>150 THEN DELTA =DELTA+.01:G0TO 8070

8090 FOR I =1 TO NPLY

8100 2= (X(1)/DELTA*12)+25

8110 II=CINT(ABS(COS(1/2%#3.14159)))

8115 IF 2<26 THEN 8140

8130 FOR K = 6 TO 15

8140 A=K+II*1&6:LINE(25,A)—(2,A),PSET

8150 NEXT K .

8160 LOCATE 0,1+11%2:PRINT USING "+H#H##" SFNDEG(T(I)) :LOCATE 0,0

8170 IF 1I=1 THEN COPY:CLS




8180 NEXT .

8130 LPRINT TAB(4)>3"1 1 1 1 1 1 1 1 1":LPRINT TAB(&);"7":LPRINT USING " .##";DE
LTA:LPRINT TAB(9);3"PLY RATIO"

8200 RETURN

2000 PRINT "REVIEW OR NEW"

2010 INPUT "DATA (R/N)";A%

9020 IF A%$="R" OR As$="r" THEN 9190

G030 PRINT "WHICH MATERIAL":PRINT "WILL YOU"

040 INPUT "REPLACE (0-5)"3I

9050 INPUT "EX(GPa) = "3EX .

7060 INPUT "EY(GPa) = "3EY

070 INPUT "VX = "j3VvX

9080 INPUT "ES(GPa) = “3ES

090 INPUT "X(MPa) = ";X

2100 INPUT "X’ (MPa) = "3XX

9110 INPUT "Y(MPa) = "3V

2120 INPUT "Y’(MPa) = "3YY

9130 INPUT "THICKNESS (m) = ";TPLY

9140 INPUT "NAME (15 CHR. MAX)"iM$

2130 PUT% I,EXSEY,VX,ES,TPLY XY XX,YY,S,M$

9160 PRINT "ADDITIONAL": INPUT "CHANGES (Y/N)";A%
170 IF A$="Y" OR A%$="y" THEN 9000

7180 RETURN

9190 PRINT "REVIEW WHICH":INPUT "MATERIAL (0-S5)"3:M
200 6OSUB 4100

9210 GOTO 9160

9560 DELETE 45



Qmﬂw’eﬁ 8206)/0?/% Fore SIZMJq /%’D/?ﬂc/u'c C;’t

10 INPUT "Report or Query: ",R$

11 IF R$="r" THEN 5000

12 INPUT "P, L, N, E, SY, RHO: ",P,L,N,E,SY,RO
15 GOSUB 100

20 GOTO 12

100

110

120

130

140

145

150

155

157

160

170

800

900

1000
1010
1020
1100
1124
1125
1130
1132
1140
1160
1200
1210
1230
1240
1300
1310
1320
1330
1332
1340
1350
1360
2000
2010
2020
2030
2040
2050
2090
2092
2095
2100
2110
2118
2120
2130
2140

PCRIT=N*P

I=(PCRIT*(L"2))/((3.1415%2)*E)
PD=((64*1)/3.1415)".25
TEST=((4*L)/PD)-((2*(3.1415"2)*E)/SY)".5
DIFF=(4*L/PD)-TEST

JC=0

IF DIFF > 0! GOTO 800

PRINT "JOHNSON COLUMN"

Jc=1

PD=2%* ((PCRIT/(3.1415*SY))+(SY*(L"2))/((3.1415"2)*E))".5

GOTO 900

PRINT "EULER COLUMN"

PRINT "MINIMUM PISTON DIAMETER IS ";:PD
STRESS = 4*PCRIT/(3.1415*(PD"2))
NC=SY/STRESS
PRINT "Factor of safety for compression: ";NC
ID=2*( (P*N)/(2000*3.1415926%))".5
AL=P
P = 2000
SR=((SY+(P*N))/(SY-(P*N)))".5
WT=(ID/2)*((SR-1)/(2-SR))

OD=ID+ (2*WT)

ET=(.405*0OD)*( ((P*N)/SY)".5)

PRINT "Cylinder bore",ID

PRINT "Wall thick",WT

PRINT "End thick",ET

PRINT "Cylinder Outside diameter™, OD
OL=L+(ET*3)

OLEX=0L+L

OLCT=0L

PI=3.,141592654000001%

DEF FNA(D)=3,141592654000001#*((D/2)~2)

MASS=RO* ( (FNA(OD)~-FNA(ID))* (OL-(2*ET))+(FNA(ID)*(3*ET))+(L*FNA(PD)))

OPN=MASS+(FNA(ID)*(OL~-(3*ET)))*.0321
CLO=MASS+(FNA(PD)*(OL-ET))*.0321

PRINT "Cylinder Length: ",0L

PRINT "Overall Length extended: " ,OLEX
PRINT "Overall Length contracted: " ,O0LCT
PRINT "Mass (Empty): ",MASS

PRINT "Mass (extended with fluid): ",OPN
PRINT "Mass (contracted with fluid): ",CLO

INPUT "Press RETURN to print report or SKIP to go to next " ,A$

IF AS$="skip"™ THEN RETURN

IF R$<O"r" THEN RETURN

FOR I=1 TO 10 : LPRINT : NEXT
LPRINT "Cylinder name: ";N$

LPRINT

LPRINT "Material: "MS

LPRINT

LPRINT "Actual load: ",AL," (1b)"

INDERS,



2150 LPRINT "Extension: ", L," (in)"

2160 LPRINT "Factor of Safety: ",N," "

2170 LPRINT

2180 LPRINT "Modulus of Elasticity: ",E," (psi)"®
2190 LPRINT "Yield Strength: ",S5Y," (psi)"
2200 LPRINT "Density: ",RO,"™ (1lb/cu in)
2300 LPRINT

2400 LPRINT Mmoo e e e e e e e e e e e
2402 LPRINT

2410 LPRINT "Piston Diameter: *",PD," (in)
2415 LPRINT

2420 LPRINT "Cylinder Bore Diameter:",ID," (in)
2430 LPRINT "Cylinder Wall Thickness:",WT," (in)
2440 LPRINT "Cylinder End Thickness:",ET," (in)
2450 LPRINT "Cylinder Outside Diameter:",0D," (in)
2460 LPRINT "Cylinder Body Length: ",0L," (in)
2470 LPRINT "Cylinder Length Extended:",OLEX," (in)
2480 LPRINT "Cylinder Length Closed:",0LCT,"™ (in)
2485 LPRINT

2490 LPRINT “Weight Empty: " ,MASS," (1lb)
2500 LPRINT “"Weight Extended with Fluid:",OPN," (1b)
2510 LPRINT "Weight Closed with Fluid:",CLO," (1b)
4999 RETURN

5000 PRINT "4032-T6 Wrought Aluminum Alloy"

5010 M$="4032-T6é Wrought Aluminum Alloy"

5020 E=10300000#

5030 SY=46000!

5040 RO=.098

5100 GOSUB 7000

5500 PRINT "“BRass"

5502 M$="C27000 Yellow Brass"

5504 E=1.54E+07

5506 SY=60200!

5508 RO=.309

5520 GOSUB 7000

6000 PRINT "Steel"™

6010 M$="1050 Cold Drawn Steel"

6020 E=30000000%

6030 SY=84000!

6040 RO=.282

6100 GOSUB 7000

6999 END

7000 RESTORE

7010 READ N§$,P,L,N

7015 IF N$="*End" THEN RETURN

7020 GOSUB 100

7030 GOTO 7010

10000 DATA "Outrigger®,600,24,5

10010 DATA "Fork Tilt",5600,18,5

10020 DATA "Boom Extension",936,72,5

10030 DATA "Boom Tilt",5600,48,5

11000 DATA "*End”,0,0,0
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PROGGRESS REPORT: NEEK OF 4/27/86

Group Nine

Research into the Lunar Roving Vehicle (LRV)
contined this weel. A listing of possibly useful
technical reports from NASA was assembled and the
abstracts examined. These reports document desiagn
decisions made by NASA during the development of the LRV.
The studies analyze several aspects of the LRV, including
mobility, traction, radiation shielding, energy use and
control, as well as performance. A list of the reports
available at the libraray was made. The remaining
reports deemed useful, but not in the librarau were
aquired directly from NASA Huntsville Space Center.

Discussions this weesek focused of the lifting system
for the fork 1ift. The pcopular consent is that some sort
of kinematic combination of links is the best choice.
Several options were presentee. An arrangement which
yields a straight line lifting motion of the fork is
desirsd. Some fTlexibility tilting the load islneeded for
accurate positicning. It is also desired tc he ablé to
move the load inside the front wheels for stability

during transportation. Several sketches of proposed

designs are included.
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: ME 4182
GROUP #9 - LUNAR FORKLIFT

Progress Report for the Week of S5/5/864

This week consisted primarily of research and brainstorming
sessions. Specifically, Lunar Roving Vehicle (LRV) documents were
examined and a trip to the Huntsville Space & Rocket Center was made
to observe an actual Lunar Rover. Then all of the LRV and
construction equipment research was incorporated to determine the
most efficient lifting mechanism for the forklift. The preliminary
design uses a crane-like lifting boom that telescopes to obtain the
desired 1lifting height. As the 1load moves to or away from the
center of the vehicle, the battery/ballast pack will move in the
same manner. Benefits of this technique are vehicle stability when
picking up a load past the front wheels and better weight balance on
the wheels when a load is being carried. The overall length will be
eight feet and the primary structural material will be graphite
epoxy. This material only has a temperature range up to 300 degrees
Fahrenheit, therefore, a new material may be selected if heat build-
up appears to be a problem. A design load of H00P Ea8i pounds will
be the criteria used in the proper sizing of structural members,
motors, power supplies, and wheels. Several sketches of the
proposed design are included.

The project has been divided into ten sub-projects which are
being developed individually. These topics include:

1. Motors (drive and 1ift)

2. MWheels & Steering

3. Batteries/Power Supply

4. Hydraulics

S. Frame (structural)

6. Boom & Forks

7. Material Selection

8. Controls

9. Radiation Shielding & Heat Dissipation
10. Safety

After more research and analysis, the findings of the ten
sub-projects will be applied to the existing design. Much of the
necessary research material 1is already in hand from either the
Georgia Tech library or from the Marshall Space Flight Center.

It is planned that by next week, we will have more answers to
our questions from the ten sub-pro jects. This will allow us to
further finalize our design.



FROGRESS REFORT May 16,1986

Accomplishments in designing the lunar forklift this
past week pertain to selection of materials, cooling of
frame members, steering, and schematics.

In determining the size of the main frame and boom
structures, computer information has been obtained. Much
time has been spent converting the computer language into
IBM FC Basic from which we will be able to size composite
members. The main frame of the forklift will probably be
formed by an extrusion process in order to provide for a
cooling fluid to pass through. Schematics for a cooling
system have been drawn up, with replacable "cooling packs"
for when the fluid heats up to the point of uselessness.

The number of electric motors for the forklift has been
narrowed down to seven. Four of these will be used to drive
the wheels. Two small motors will provide for steering the
vehicle, and the seventh motor will power a hydraulic pump
for operating the boom.

The steering system will be much like that of the LRV.
Both front and rear wheels are capable of turning
independently or simultaneously. This will enable round
steer and oblique steer for tighter turning and movement in
an angular direction. We have decided that two small motors
will control the steering; one for the front wheels and one
for the back wheels. Linkages will extend from each wheel

to its designated motor.



Dther work accomplished this past week include a
schematic of the whole forklift including the hydraulic and
electrical systems. Also design of a positionable and
removeable battery pack has been investigated for stability

and power reasons.




PROGRESS REPORT FOR WEEK ENDING 5/23/86

GROUP 9

The majority of the work this week has been on the final
sizing of components. The material chosen for the chassis and
boom is 4032-T6 wrought aluminum alloy. This was chosen for its
high strength to weight ratio. The composite materials
previously considered were rejected due to their inability to
withstand the temperature extremes of the lunar surface. The
boom, which is the heart of the 1ift system, is a telescoping
member. The outer sleeve is a hollow rectangular section
measuring nominally four inches by six inches with a thicknesses
of 0.371 inches and 0.25 inches. The inner member is also
rectangular, measuring 3 inches by 4.5 inches. The telescoping
action will be accomplished by the use of a hydraulic cylinder
inside the boom.

The chassis configuration has been developed and the sizing
of the members has begun. Stability was the main concern in the
design of the chassis. Because of the light weight of the
vehicle, good balance is essential (while lifting, transporting,
and also when unloaded) to avoid loosing traction or tipping
over. The motors, batteries, pumps, and reserviors are located
strategically to act as counterweights and balance the vehicle.

The sizing of the hydraulic system is also well under way.
The system pressure is 2000 pounds with a low capacity pump. The
low capacity pump will be lighter and will save on power

requirements. It will also limit the speed of the lifting



mechanism keeping inertia forces to a minimum. The hydraulic
fluid and pump will be coéled to keep the system operating at
about 150 to 200 degrees to avoid excessive viscosity losses.

Several cooling schemes have been considered and the
governing equations are being developed to find the the most
efficient system.

Work on the steering system is continuing as well as the
sizing of the wheels. The overall vehicle weight is needed to
determine the final size of the wheels.

Radiation analysis work is also being done and a barrier

coating system is being developed to protect the vehicle.



ME 4182 Group #9 Progress Report

During our last project meeting we decided to list
possible alternative forms of traction, power generation,
steering, and lifting design.

Some of these designs suggested during our brainstorming
session included:

Traction: 1. Mesh wheels similar to those used on the lunar
rover (3, 4, 5, or 6)

Tread such as those found on a military tank.
Two treads and two skis (snow mobile)

Two treads and two wheels (half track)

A hovercraft design.

A walker design.

The use of long cylinders that run the

width of the vehicle.

NoOnsWN
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The treads were rejected because it was felt they would
create trenches making the working surface uneven.

The hovercraft concept was rejected due to the fact that large
amounts of dust would be kicked up and it would be difficult to
control. The dust would not only restrict the vision of the operator,
but would also inhibit radiative cooling.

The walker was discounted as being impractical to build, heavy,
and difficult to make stable.

The flywheel design would be hard to control because of Gyroscopic

torque. The disk would need to be heavy or rotate very

fast. In addition, some source would be needed to start the flywheel
rotating. '

The long cylinders and the Mesh wheels were accepted as
having merit and deserve further consideration.‘

Power Generation: 1. Batteries
a. Recharged by solar cells
b. Recharged by other means

. Fuel cells

. Liquid propellant

. Nuclear

. compressed air

. Solar Sail

. Heat cells

. Large flywheel.

NN

The liquid propellant idea seemed cost prohibitive due to
the cost of transporting fuel, however some designs may
incorporate small liquid propellant rockets to help overcome
large momentum forces. '

Nuclear power was discounted at the present time because
proper cooling would not be possible, and heavy shielding would
probably be Necessary. In the future, however, nuclear power



may be used to recharge batteries off the 1ift.
The compressed air and solar sail were rejected because
they would not be able to create enough propulsion.

Not enough is known about heat cells by this group to render
a decision at the present time.

Batteries seem to hold promise but are heavy and obviously
need to be recharged. Varying availability of sunlight may
present a problem.

Fuel cells may not be practical due to the high cost of
transporting fuel. Again heat dissipation may become a problem
More research is required.

The large flywheel concept seemed impractical due to the fact
that a source of power would still be needed to start the wheel

rotating. In addition, problems with gyroscopic torque would be
difficult to over come.

Steering: 1. All "wheel" independent steer.

. Sets of wheels steering together.

. Front wheel steer only.

. Pivoting (clutch wheels).
Slowing or stopping one set of wheels
while speeding up the other set.

5. Pivoting (treads).

6. Articulated steer (barrel steer).

Pivoting with treads may be discounted because of the rutts
it produces.

All wheel independent steering would be difficult to
control at best.

Front wheel steer would be adequate but would not give the
maneuverability desired for a fork 1lift.

Pivoting with clutch wheels we feel would cause rutts as
well,

Articulated steer, rear wheel steer, and set wheel steer
seem to be the best choices.

Lifting device:

Proposals for lifting devices are being drawn up by each
member. To be considered in the design are weight, surface
conditions, lifting range, and weight distribution.

Jeff Hynds
Bruce Reynolds
Michael Minchew
David Martucci
Jeff Dilg
Robert Dirksen
Joe Gentry
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